Two mutant strains of Yersinia pestis KIM5؉, a ⌬crp mutant and a mutant with arabinose-dependent regulated delayed-shutoff crp expression (araC P BAD crp), were constructed, characterized in vitro, and evaluated for virulence, immunogenicity, and protective efficacy in mice. Both strains were highly attenuated by the subcutaneous (s.c.) route. The 50% lethal doses (LD 50 s) of the ⌬crp and araC P BAD crp mutants were approximately 1,000,000-fold and 10,000-fold higher than those of Y. pestis KIM5؉, respectively, indicating that both strains were highly attenuated. Mice vaccinated s.c. with 3.8 ؋ 10 7 CFU of the ⌬crp mutant developed high anti-Y. pestis and anti-LcrV serum IgG titers, both with a strong Th2 bias, and induced protective immunity against subcutaneous challenge with virulent Y. pestis (80% survival) but no protection against pulmonary challenge. Mice vaccinated with 3.0 ؋ 10 4 CFU of the araC P BAD crp mutant also developed high anti-Y. pestis and anti-LcrV serum IgG titers but with a more balanced Th1/Th2 response. This strain induced complete protection against s.c. challenge and partial protection (70% survival) against pulmonary challenge. Our results demonstrate that arabinose-dependent regulated crp expression is an effective strategy to attenuate Y. pestis while retaining strong immunogenicity, leading to protection against the pneumonic and bubonic forms of plague.
Bubonic and pneumonic plague are zoonotic diseases endemic in many parts of the world, including the United States, and have resulted in over 200 million deaths over the course of human history (51) . The etiological agent of plague is Yersinia pestis. Although the number of confirmed plague cases that occur worldwide has stabilized over the last 50 years at an average of about 1,700 per year, plague remains a serious public health threat in some regions of the world and outbreaks still occur (19) . In addition to the potential for natural infections, Y. pestis is generally considered to be among the top five potential biological weapons (19) . Recent efforts to create a safe and effective pneumonic plague vaccine have focused on the development of recombinant subunit vaccines that elicit antibodies against two well-characterized Y. pestis antigens, the F1 capsule and the virulence protein LcrV (2, 8, 40, 53) . A plague vaccine based on live attenuated Y. pestis provides the theoretical advantage of simultaneously priming against many antigens, thereby greatly enhancing the likelihood of broadbased protection. In the past, live attenuated strains were generated by selection, rather than precise genetic manipulation, thus raising concern about their genetic composition and stability. The live EV76 vaccine is an apparent pgm mutant that has been used in some countries (49) . However, a concern is that the EV76 vaccine strain can cause disease in primates, raising questions about its suitability as a human vaccine (29) . Nevertheless, as recently as 2002, USAMRIID researchers noted, "Despite their drawbacks, there is ample evidence that live-attenuated strains of Y. pestis should be considered as potential vaccine candidates" (52) . Research toward the development of new, improved live attenuated vaccines should continue and be strongly encouraged (45) . In this work, we explore the feasibility of developing a live attenuated Y. pestis vaccine.
The cyclic AMP receptor protein (Crp) is an important transcription factor that regulates the expression of more than 100 genes in Escherichia coli, most of which are involved in catabolism of carbon sources other than glucose (24) . E. coli preferentially utilizes glucose and catabolizes other sugars only when the supply of glucose has become depleted (reviewed in reference 39).
Crp modulates expression of genes in many pathogenic bacteria, including Salmonella, Vibrio cholerae, Yersinia enterocolitica, and Y. pestis (10, 38, 44, 54) . Crp regulation occurs either directly, by binding to specific DNA sequences near the regulated gene, or indirectly, through the action of CyaR, a regulatory RNA (13) . In Salmonella, several virulence factors are known to be regulated by crp, including sirA, which regulates the expression of a number of key invasion genes encoded in Salmonella pathogenicity island 1 (SPI1) (1), including hilA (20) . SPI1 encodes a type 3 secretion system and effector molecules that direct Salmonella invasion of mucosal tissues. In addition, crp regulates expression of the spv genes, also required for invasion of mucosal tissues, and several fimbrial operons (14, 33) . Strains of Salmonella and Y. enterocolitica with crp deletions are attenuated in mice and stimulate protective immunity against subsequent challenge with the wildtype parent (10, 38) . In Y. pestis, the crp gene directly regulates expression of some 37 genes, including ypkA and yopO, which encode a secreted virulence factor, and the laterally acquired plasmid genes pla, a known virulence factor, and pst, encoding the bacteriocin pesticin (38, 54) . In a recent report, yopJ, a secreted effector protein involved in immune suppression, was also shown to be negatively regulated by crp (55) . Crp is required for expression of the Ysc type 3 secretion system and other virulence factors in Yersinia, and functional loss of crp diminishes Yop secretion by Y. enterocolitica and Y. pestis (38, 54) . The effect of a crp mutation on LcrV secretion has not been reported. A Y. pestis crp mutant is attenuated for virulence (54) .
An attenuated immunogenic live vaccine must be safe, efficacious, and avirulent and not induce disease symptoms. In addition, it must be able to reach, multiply in, and persist for a while in those lymphoid organs necessary to stimulate a protective immune response. Many well-studied means for attenuating pathogens render strains more susceptible to host defense stresses than wild-type virulent strains and/or impair their ability to effectively colonize host lymphoid tissues. To address these problems, work in our laboratory has led to the development of a regulated delayed attenuation system, applied first to Salmonella, in which the vaccine strains display features of the wild-type virulent pathogen at the time of immunization to enable the strain to effectively colonize lymphoid tissues and then become completely attenuated in vivo to preclude inducing disease symptoms (11) . We have applied this new technology to the crp gene in Y. pestis by constructing a strain in which crp expression is dependent on the presence of arabinose, a sugar that is not present in host tissues (22, 25) . Arabinose is provided during in vitro growth so that the strain expresses crp, making it fully functional to interact with host tissues. Once the strain has invaded host cells, where free arabinose is not available, crp is no longer expressed and the strain becomes attenuated. We compared the virulence and immunogenicity of the regulated delayed attenuation strain with those of an isogenic ⌬crp deletion strain of Y. pestis. We found that the arabinose-regulated crp mutant was attenuated for virulence and induced greater protective immunity against pneumonic plague than did the ⌬crp strain. Strain construction. Y. pestis mutant strains 10010 and 10017 were constructed using the two-step recombination method (48) . The procedure was as follows: Y. pestis KIM6ϩ(pKD46) was electroporated with the linear y3957Ј-catsacB-TT araC P BAD SD-crp fragment excised from plasmid pYA4588 using EcoRI and HindIII. Electroporants were selected on TBA-chloramphenicol (Cm) plates and verified by PCR. Colonies with the correct PCR profile were streaked onto TBA-Cm-sucrose plates to verify sucrose sensitivity and onto HIB Congo red-Cm plates to confirm the presence of the pgm locus. This intermediate strain was used for all further constructions. To construct strain 10017, the chromosomal cat-sac cassette was removed by electroporation with 1 g of linear DNA (y3957Ј-TT araC) cut from pYA4581 using HindIII and BamHI. The loss of the cat-sac cassette in sucrose-resistant colonies was confirmed by PCR. Strain 10010 was constructed by electroporating the intermediate strain with a linear Јy3955-y3957Ј fragment cut from pYA4597 using HindIII and EcoRI to delete the entire crp gene. Plasmid pKD46 was cured from a single-colony isolate of the above strains to yield 10010 (⌬crp) and 10017 (araC P BAD crp). Under biosafety level 3 (BSL-3) containment, plasmid pCD1Ap was then introduced by electroporation into each strain, yielding 10010(pCD1Ap) and 10017(pCD1Ap).
SDS-PAGE and immunoblot analyses. Secreted proteins were prepared by using a modification of previously described methods (36) . Y. pestis was grown in HIB medium overnight at 26°C. Cells were harvested, washed three times in chemically defined medium PMH2 (16), used to inoculate 40 ml of fresh PMH2 medium to an optical density at 600 nm (OD 600 ) of 0.05, and shaken at 26°C overnight. Cultures were shifted to 37°C for 6 h with mild aeration. The OD 600 s of cultures were measured, and bacterial cell pellets were collected by centrifugation. The pellets were suspended in sodium dodecyl sulfate (SDS) loading buffer. The volume of sample buffer was adjusted based on the OD 600 to normalize the amount loaded. Cells were lysed by being heated at 95°C for 5 min. Culture supernatants were concentrated by precipitation with 10% (wt/vol) trichloroacetic acid overnight at 4°C and collected by centrifugation. Pellets were washed with ice-cold acetone and dissolved in 0.05 M Tris-HCl buffer (pH 9.5). Insoluble materials were removed by centrifugation at 12,500 ϫ g for 15 min, and the soluble protein concentration was determined using a DC protein assay kit (Bio-Rad, Hercules, CA). Samples were heated at 95°C for 5 min, separated by SDS-PAGE, and blotted onto nitrocellulose membranes. The membranes were probed with rabbit anti-LcrV antibodies as described previously (3) .
Virulence analysis in mice. All animal procedures were conducted in animal BSL-3 containment facilities and approved by the Arizona State University Animal Care and Use Committee. Single colonies of Y. pestis KIM5ϩ strains to be tested in mice were used to inoculate HIB containing 25 g/ml ampicillin and grown at 26°C overnight. Bacteria were diluted into 10 ml of fresh medium with 0.2% xylose and 2.5 mM CaCl 2 to an OD 620 of 0.1 and incubated at 26°C for s.c. infections (bubonic plague) or incubated at 37°C for intranasal (i.n.) infections (pneumonic plague) and grown to an OD 620 of 0.6. The cells were harvested by centrifugation and suspended in 1 ml of isotonic phosphate-buffered saline (PBS).
Female 7-week-old Swiss Webster mice from Charles River Laboratories were inoculated s.c. with 100 l of the bacterial suspension. Actual numbers of CFU inoculated were determined by plating serial dilutions onto TBA. To determine the 50% lethal dose (LD 50 ), five groups of six mice/group were inoculated i.n. or s.c. with serial dilutions of bacteria. Mice were monitored twice daily for 21 days, and the LD 50 was calculated as described previously (41) . For in vivo complementation of strain 10017(pCD1Ap), 120 mg of L-arabinose dissolved in 100 l PBS was intraperitoneally administered to mice on the day of inoculation and once a day thereafter (28) .
For colonization/dissemination analysis, groups of mice were injected s.c. At the indicated times after infection, 3 mice per strain were euthanized, and samples of blood, lungs, spleen, and liver were removed. The bacterial load for each organ was determined by plating dilutions of the homogenized tissues onto TBA plates containing 25 g/ml ampicillin and reported as CFU per gram of tissue or CFU per ml blood. Infections were performed in at least two independent experiments.
Determination of protective efficacy. Y. pestis strains were grown as described above. Two groups of Swiss Webster mice (10/group) were vaccinated s.c. with 3.8 ϫ 10 7 CFU of 10010(pCD1Ap) or 3 ϫ 10 4 CFU of 10017(pCD1Ap) cells in 100 l of PBS on day 0. Another two groups of mice (4/group) were injected with 100 l of PBS as controls. Blood was collected by retro-orbital sinus puncture at 2 and 4 weeks postimmunization and 2 weeks after challenge for antibody measurement. Mice were lightly anesthetized using a ketamine and xylazine mixture administered intramuscularly before bleeding. On day 35, animals were challenged s.c. with Y. pestis KIM5ϩ at either 1.3 ϫ 10 5 CFU for the 10017(pCD1Ap) group or 1.3 ϫ 10 7 CFU for the 10010(pCD1Ap) group in 100 l PBS or lightly anesthetized with a 1:5 xylazine-ketamine mixture and challenged i.n. with 1.4 ϫ 10 4 CFU in 20 l PBS. Control groups were challenged with 1.3 ϫ 10 3 CFU by both routes. All infected animals were observed over a 15-day period for the development of signs of plague infection.
ELISA. Enzyme-linked immunosorbent assay (ELISA) was used to assay serum IgG antibodies against Yersinia whole-cell lysates (YpL) (47) and purified LcrV antigen of Y. pestis KIM5ϩ. Polystyrene 96-well flat-bottomed microtiter plates (Dynatech Laboratories Inc., Chantilly, VA) were coated with 200 ng/well of YpL or purified LcrV protein. The procedures were same as those described previously (21) .
Measurement of cytokine concentrations. Cytokines were quantitated by a double-sandwich ELISA as described previously (42) . Mice in groups of three were euthanized at intervals by terminal bleeding under anesthesia. Pooled blood was allowed to clot overnight at 4°C, and serum was separated by centrifugation at 10,000 ϫ g for 10 min. Sera were filtered once through a 0.22-m syringe filter, cultured on TBA to confirm that bacteria had been removed, and stored at Ϫ70°C prior to assay.
Commercial solid-phase enzyme immunoassays utilizing the multiple-antibody sandwich principle were used to determine cytokines in biological samples. Levels of interleukin-10 (IL-10), tumor necrosis factor alpha (TNF-␣), and gamma interferon (IFN-␥) were determined with mouse IL-10, IFN-␥, and TNF-␣ Ready-Set-Go kits (eBioscience), respectively. Concentrations of cytokines were measured by reading optical density at 450 nm and then calculated in reference to values obtained in standard curves generated for each assay. Assays of pooled sera were repeated three times. Statistical analysis. The log rank test was used for analysis of the survival curves. Data are expressed as means Ϯ standard errors (SE). The Student t test was used for other statistical analyses. A P value of Ͻ0.05 was considered significant.
RESULTS
Crp synthesis and growth of Y. pestis mutants. We constructed mutant Y. pestis strains 10010 (⌬crp) and 10017 (araC P BAD crp). In the araC P BAD crp mutant 10017, crp expression is dependent on the presence of arabinose. Crp was not detected in either the ⌬crp strain 10010 or the araC P BAD crp strain 10017 grown in the absence of arabinose (Fig. 1A) . Upon arabinose addition, 10017 synthesized roughly the same amount of Crp as did wild-type Y. pestis.
Once we had confirmed that Crp synthesis was arabinose regulated, we moved plasmid pCD1Ap into both mutants and examined their growth in liquid media. Strains 10010 (pCD1Ap) and 10017(pCD1Ap) without arabinose grew more slowly and did not reach the same final OD 620 as did Y. pestis KIM5ϩ at 26°C or 37°C in HIB medium (Fig. 1B) . When 0.05% arabinose was included in the growth medium, 10017(pCD1Ap) grew at the same rate as did the wild type.
LcrV synthesis and secretion in Y. pestis KIM5؉ and mutant derivatives. Crp is required for expression of the Ysc type 3 secretion system and other virulence factors in Yersinia, and functional loss of crp diminishes Yop secretion by Y. enterocolitica and Y. pestis (7, 23, 38) . However, the effect of a crp mutation on LcrV secretion has not been reported. Therefore, we compared LcrV production in cells and supernatants from Y. pestis KIM5ϩ, 10010(pCD1Ap), and 10017(pCD1Ap). We observed no difference in LcrV synthesis in whole-cell lysates among strains (Fig. 2) . There was a reduction in the amount of LcrV detected in supernatants between the wild type and strains 10010(pCD1Ap) (⌬crp) and 10017 (pCD1Ap) (araC P BAD crp). Wild-type levels of secreted LcrV were restored when strain 10017(pCD1Ap) was grown with 0.05% arabinose (Fig. 2) .
Virulence of Y. pestis mutants in mice.
To investigate the contribution of Crp to Y. pestis virulence, we infected Swiss Webster mice s.c. with Y. pestis KIM5ϩ, 10010(pCD1Ap) (⌬crp), or 10017(pCD1Ap) (araC P BAD crp). Strain 10017(pCD1Ap) was grown in the presence of arabinose prior to inoculation. The LD 50 of Y. pestis KIM5ϩ was Ͻ10 CFU, consistent with previous results (50) . The LD 50 of the ⌬crp mutant 10010(pCD1Ap) was Ͼ3 ϫ 10 7 CFU. The LD 50 of strain 10017(pCD1Ap) was 4.3 ϫ 10 5 CFU, and the mean time to death was delayed 2 to 9 days compared to the wild type. The LD 50 of 10017(pCD1Ap) was the same as that of KIM5ϩ (LD 50 , Ͻ10 CFU) when inoculated mice were injected with arabinose, indicating full complementation of the attenuation phenotype. In a preliminary experiment, we found that both the ⌬crp and araC P BAD crp mutants were attenuated when administered by the intranasal route, with LD 50 s of Ͼ1 ϫ 10 4 CFU. However, mice inoculated with 7 ϫ 10 3 to 9 ϫ 10 We evaluated the ability of the Y. pestis mutants to disseminate systemically compared to Y. pestis KIM5ϩ by monitoring, over a 9-day period, the lungs, spleen, liver, and blood of groups of mice injected with each of the strains. Because of the difference in LD 50 s among the three strains, we inoculated mice with different doses of each. For this type of experiment, we typically choose a dose that is higher than the LD 50 . However, since we were not able to establish an LD 50 value for the ⌬crp strain (Ͼ1 ϫ 10 7 CFU), we chose a dose that matched the highest dose for which we had data. For the araC P BAD crp mutant, we chose a dose that was 10-fold above the LD 50 . Thus, mice were inoculated with 1.5 ϫ 10 3 CFU of Y. pestis KIM5ϩ, 4.2 ϫ 10 7 CFU of 10010(pCD1Ap), or 3.8 ϫ 10 6 CFU of 10017(pCD1Ap). The kinetics of infection were similar for the two mutants. At 3 days postinfection (p.i.), the numbers of bacteria recovered from the blood, liver, and spleen were similar for all strains (Fig. 3) . About half as many 10010 and 10017 cells as those of the wild-type strain were recovered from lungs. The numbers of mutants recovered from all tissues decreased steadily on days 6 and 9. All mice inoculated with Y. pestis KIM5ϩ succumbed to the infection before day 9, and therefore, we do not include any of those mice in our figure for that time point. Evaluation of protective immunity. Groups of mice were immunized with a single dose of 10010(pCD1Ap) (⌬crp), 10017(pCD1Ap) (araC P BAD crp), or Y. pestis KIM5 (Pgm Ϫ ) and challenged 35 days later. For these experiments, we wanted to use the highest possible immunizing dose for each strain. We based our decision on immunizing doses for each strain on the LD 50 data, shown above. Therefore, we immunized with a dose of 3 ϫ 10 4 CFU of 10017(pCD1Ap), 3.8 ϫ (Fig. 4A) . A single s.c. dose of 10017(pCD1Ap) provided complete protection against a 10,000-LD 50 s.c. challenge without any symptoms (Fig. 4B) . Immunization with strain 10010(pCD1Ap) delayed the time of death but ultimately did not provide protection against a 100-LD 50 i.n. challenge. Immunization with the Y. pestis strain 10017(pCD1Ap) or the pgm mutant strain KIM5 provided significant protection (P Ͻ 0.001), protecting most of the mice against a 100-LD 50 i.n. challenge (Fig. 4C) . None of the mice immunized with PBS survived challenge by either route (Fig. 4) .
Serum immune responses. Serum IgG responses to YpL and LcrV from immunized mice were measured by ELISA. High anti-YpL (Fig. 5A ) titers were slower to develop for the arabinose-regulated crp mutant, 10017(pCD1Ap), than for the ⌬crp mutant, 10010(pCD1Ap), but by week 4, the titers were similar. Also by week 4, the anti-LcrV (Fig. 5B) serum IgG titers were somewhat higher in mice immunized with 10017(pCD1Ap) than in mice immunized with 10010 (pCD1Ap). Titers against both antigens were boosted in mice challenged s.c. No boosting was observed in the mice immunized with 10017(pCD1Ap) after i.n. challenge.
Th1 cells direct cell-mediated immunity and promote class switching to IgG2a, and Th2 cells provide potent help for B-cell antibody production and promote class switching to IgG1 (17) . The ⌬crp strain 10010(pCD1Ap) elicited a strong Th2-biased response against both antigens, with high IgG1 titers and low IgG2 titers ( Fig. 6A and B) . Strain 10017 (pCD1Ap) induced a more balanced Th1/Th2 response ( Fig.  6C and D) . Challenge did not have much effect on the IgG1/ IgG2a ratios, except for the anti-LcrV response in mice immunized with 10010(pCD1Ap), where the response became more balanced. Induction of cytokines. Cytokines are critical to the development and functioning of both the innate and adaptive immune responses. They are secreted by immune cells that have encountered pathogens, thereby activating and recruiting additional immune cells to respond to the infection. LcrV is an immunomodulator, inhibiting production of TNF-␣ and IFN-␥ and inducing IL-10 in eukaryotic cells both in vivo and in vitro (4, 30, 32) . To evaluate the effect of reduced LcrV secretion in the two mutants (Fig. 2) , we compared production of IL-10, IFN-␥, and TNF-␣ in infected mice. Groups of three Swiss-Webster mice were inoculated s.c. with 1,500 CFU of Y. pestis KIM5ϩ, 4.2 ϫ 10 7 CFU of 10010(pCD1Ap), or 3.8 ϫ 10 6 CFU of 10017(pCD1Ap). A group of uninfected mice served as controls. Blood was collected via cardiac puncture at days 3 and 6 p.i. for cytokine analysis. We could detect IL-10 but not IFN-␥ or TNF-␣ in the sera of animals infected with Y. pestis KIM5ϩ, but IL-10 and proinflammatory factors such as IFN-␥ and TNF-␣ were not detected in mice infected with 10010(pCD1Ap) and 10017(pCD1Ap) (data not shown).
DISCUSSION
We have been developing live bacterial vaccine strains that display regulated delayed attenuation, such that upon immunization, the vaccine strain exhibits all the phenotypic qualities of the wild type, allowing it to establish an infection necessary to stimulate an immune response. After 5 to 10 rounds of replication, the strain becomes attenuated, precluding its ability to cause disease. We have shown this in detail previously for Salmonella (11) , and here we apply this concept to Y. pestis. With this goal in mind, we constructed and evaluated an araC P BAD crp strain and, for comparison, an isogenic ⌬crp strain. Our results indicate that crp affects virulence in Y. pestis, consistent with what was found in a recent study in which a Y. pestis ⌬crp strain was shown to be highly attenuated when administered subcutaneously to mice (54) . In that study, the authors found that the s.c. LD 50 in mice was approximately 1 ϫ 10 4 -fold higher than that of wild-type Y. pestis strain 201 (54) . The ⌬crp mutant used in our study was completely avirulent, with an LD 50 Ͼ1 ϫ 10 6 -fold greater than that of the wild type. Possible reasons for this difference include the use of different mouse strains (BALB/c versus Swiss Webster), the use of different parental strains, and differences in the way that the crp mutant was constructed (deletion versus insertion). These discrepancies aside, our work confirms that a Y. pestis crp mutant is highly attenuated when administered subcutaneously.
The increased LD 50 observed for both crp mutants by s.c. and i.n. routes indicates that Crp regulates genes important in establishing a lethal infection during bubonic and pneumonic plague. A number of factors may play a role in the loss of virulence. In the absence of crp expression, there is a reduction in the in vitro growth rate as observed by Zhan et al. (54) . The pla gene, important for systemic spread of Y. pestis from subcutaneous sites, requires Crp for maximal expression (23, 54) . Pla is also involved in the development of pneumonic plague (27) , which may explain why we observed lower titers of the two mutants than of the wild type in lung tissue on day 3. Yop secretion is reduced in crp mutants (23, 38) . The Yop virulon comprises both the Yop effector proteins and the proteins necessary for injecting them into host cells. The injected Yops perturb cytoskeleton dynamics, disrupt phagocytosis, and block the production of proinflammatory cytokines, thus favoring the survival of the invading Yersinia (6, 7, 37) . Our results show that LcrV secretion was also reduced (Fig. 2) . Although controversial, some reports indicate that LcrV stimulates the release of IL-10 through interactions with Toll-like receptor 2 and CD14 receptors, which downregulate synthesis of the proinflammatory cytokines IFN-␥ and TNF-␣ (4, 43). Thus, It has been suggested that crp regulates expression of caf1, which encodes the F1 protein that forms a capsule on Y. pestis at 37°C (54) . However, since caf1 mutants (F1 Ϫ ) are fully virulent in mice and nonhuman primates (15), we focused our attention on the expression of antigens such as Yops and LcrV that will provide protection against all Y. pestis strains.
Strain 10010(pCD1Ap) (⌬crp) induced a strong Th2 bias, while strain 10017(pCD1Ap), featuring regulated crp expression, elicited a more balanced Th1/Th2 response (Fig.  6 ). Both mutants examined in this study provided protection against s.c. challenge (Fig. 4) . However, only strain 10017(pCD1Ap) provided significant protection against pneumonic challenge (Fig. 4C) , similar to the pgm mutant strain KIM5. These results are consistent with what is known about the immunogenicity requirements for protection against Y. pestis. Protection against bubonic plague has been correlated with antibody production (26, 45) , while protection against pneumonic plague is known to require cellmediated immunity induced by IFN-␥ and TNF-␣ (34, 35) . The strong Th2 response generated by the ⌬crp strain leads to a primarily antibody-based response with little priming of cellular immunity, while the more balanced Th1/Th2 response generated by 10017(pCD1Ap) should provide both antibody and cellular priming (17) . The fact that we did not detect IL-10, IFN-␥, and TNF-␣ in the sera of mice immunized with 10017(pCD1Ap) may be a reflection of the low sensitivity of the assay that we used (18) . Our results support the idea that regulated delayed attenuation is a powerful new tool for designing live Yersinia vaccines to stimulate both humoral and cellular immunity.
One of the strategies that we have adopted as for developing live attenuated Salmonella vaccine strains has been to include multiple attenuating mutations as a way to ensure an acceptable degree of safety. As we move forward toward developing a live Y. pestis vaccine, we will use a similar approach. In future studies, we plan to construct Y. pestis vaccine strains with multiple attenuating mutations and evaluate them for immunogenicity, pathological effects on host tissues, and protective efficacy.
